The effects of elevated temperature and of digestion with a variety of proteinases on the flocforming ability of flocculent strains of Saccharomyces cerevisiae, both genetically defined (FLOZ and FLO.5) laboratory and genetically undefined brewing strains, have been determined. This has permitted classification of the flocculent phenotypes of these strains according to criteria other than quantitative grading of flocculence. The flocculent phenotypes conferred by both the FLOI and the FLO5 gene were irreversibly lost upon treatment with pronase, proteinase K, trypsin or 2-mercaptoethanol treatments. However, the floc-forming ability of cells of the FLOI strain ABXL-1D was destroyed by chymotrypsin digestion and was stable to incubation at 70 "C, whereas the floc-forming ability of cells of the F L 0 5 strain ABXR-1 1A was resistant to the action of chymotrypsin and was heat labile. Tetrad analysis of a cross of these FLOI and FLO5 strains indicated that the chymotrypsin and heat sensitivity phenotypes were FLO-gene determined. It appears that expression of the FLOl and FLO5 genes leads to the production of different and characteristic cell-wall proteins underlying their respective flocculent phenotypes. t Present address:
I N T R O D U C T I O N
The property, termed flocculence, whereby dispersed cells of some strains of Saccharomyces cereuisiae associate to form large, rapidly sedimenting aggregates of cells at a specific stage during culture or fermentation, has received considerable attention, principally owing to the importance of this characteristic to the brewing industry (Stewart & Russell, 1981 ; Johnston & Reader, 1983) . Flocculence in yeast is also of interest as an example of interaction between the surfaces of cells which is subject to control by a complex variety of genetic, environmental and metabolic factors. The aggregates formed when S . cerevisiue flocculates can be dissociated by sonication or by removal of Ca2+ ions, and floc formation is brought about by an incompletely understood bridging mechanism between the cell walls of flocculent strains. The bonds connecting cells in a floc are non-covalent and depend on the presence of divalent cations, Ca2+ being the most effective. Several mechanisms for flocculence have been proposed. One hypothesis is that anionic groups of cell wall components are linked by Ca2+ ions (Mill, 1964) but whether the groups are carboxyl groups of proteins (Jayatissa & Rose, 1976; Beavan et al., 1979) or phosphate groups of phosphomannan (Lyons & Hough, 1971 ) is not agreed. Another hypothesis implicates glycoproteins specific to flocculent strains acting in a lectin-like manner to cross-link the cells (Miki et al., 1982) ; here Ca2+ ions acting as ligands would promote flocculence by conformational changes. Flocculence is clearly a property of the cell wall of flocculent yeast strains as removal of the wall with the wall-polysaccharide-digesting enzyme Zymolyase eliminates flocculence (Miki et a/. , 1982) and cell-wall fragments isolated from flocculent strains show reversible and Ca2+-dependent aggregation (Amri et uf., 1982;  IP: 54.70.40.11
On: Sun, 09 Dec 2018 00:21:17 Nishihara et al., 1982) . Treatment of flocculent cells with proteinases, protein-denaturing and protein-modifying reagents (Nishihara et al., 1977 (Nishihara et al., , 1982 has indicated an important role for protein components of the cell wall in the mechanism of floc formation. Polypeptides specific to cell-wall extracts from flocculent strains have been reported (Holmberg, 1978) .
Singe genes, designated FLO (dominant) or Jlo (recessive), conferring the flocculent phenotype have been identified, most recently, after production of brewery-derived flocculent strains amenable to genetic analysis. The genes designated FLOZ (Johnston & Lewis, 1974) , FLO2 (Lewis et al., 1976) and FLO4 (Stewart & Russell, 1977) , defined in brewery-derived and laboratory-bred strains, were subsequently shown to be most probably allelic (Russell et al., 1980) and all are now assigned to the FLOZ locus, on chromosome I, 37 cM from the adeZ marker. Another gene, F L 0 5 , normally confers a stronger degree of flocculence, and is unlinked to FLOZ (Johnston & Reader, 1983) . The genes FLOZ and FLO5 behave as dominant or semidominant genes in most, but not all, crosses. A distinct recessive gene,Jlo3, has been defined (Johnston & Lewis, 1974) and there is also evidence for tentative definition of two more recessive genes, Po6 and Po7 (R. Thornton, personal communication) . Yamashita & Fukui (1983) identified a gene designated as FLO8 in a strain of Saccharomyces diastaticus (now S. cereuisiae) and showed it to be linked to arg4 on chromosome VIII.
Our studies on the genetics of flocculence required a characterization of the flocculent phenotype conferred on S. cereuisiae by FLO genes more informative than grading the flocculence from weak to strong. Here we report additional characteristics of flocculence conferred by the FLOZ and FLO5 genes and apply these as criteria to a number of genetically undefined flocculent strains, including some industrial production strains. This gives a classification based on the differential effects of elevated temperature and proteases on the flocforming ability of cells and permits some conclusions regarding the biochemical mechanics of FLOI and FLO5 expression.
M E T H O D S
Strains. The strains of S . cerezisiae, along with their genotypes and ploidy, where known, are listed in Table 1 .
Enzj-mes. Pronase (proteinase type XIV, from Srrepromyces griseus, product no. P5147), proteinase K (proteinase type XI, from Tririrachiuni ulbum, product no. P0390), trypsin (TPCK-treated, from bovine pancreas, product no. T8642) and a-chymotrypsin (type I-S, from bovine pancreas, product no. C7762) were obtained from Sigma, Helicase (SUC d' He1i.Y pomatia) was obtained from Reactifs IBF, France, P-glucuronidase from Boehringer Mannheim and Novoiyme 234 from Novo Industri AS, Copenhagen, Denmark.
Preparation of cells. Flocculent cells were prepared by growth in 10% (w/v) Oxoid Malt Extract or 2% (w/v) glucose defined medium (D-glucose, 20 g 1-' ; Difco Yeast Nitrogen Base without amino acids, 6.7 g 1-' ; plus any supplements required due to auxotrophic marking). The growth medium used to produce cells did not affect the results obtained. Tube cultures (5 ml) were inoculated from fresh YPD plates (Difco Yeast Extract, Bactopeptone, D-glucose and Bacto-agar, each 20 g 1-') to an initial ODboo of approximately 0.1 and grown without shaking at 20 "C for 5 to 7 d until an OD,,, of 2.5 to 3.0 was reached. The turbidity of highly flocculent cultures was estimated after dispersal of the flocs by washing twice with 50 mM-EDTA, pH 7. After 5 to 7 d incubation the tube cultures were centrifuged at approximately 8OOg for 5 min and resuspended in 5 ml flocculation buffer (50 mMsodium acetate, 3 mM-CaSO,, pH 4.5) to assess flocculence. By means of centrifugation at approximately 800g for 5 min, followed by resuspension, the cells were washed twice in 50 mM-sodium phosphate, 50 mM-EDTA, pH 7-5, to disperse the flocs, and twice in water. This suspension was divided into five 1 ml portions by dispensing into 1.5 ml micro-centrifuge tubes. The samples were centrifuged for 1 min in a bench microcentrifuge, the supernatant was removed and the cells were finally resuspended in 1 ml of the appropriate test solution.
Floc grading. A subjective estimation of flocculence was necessary owing to the large numbers of samples to be processed. Cells were removed from the test solution by centrifugation for 1 min in a micro-centrifuge ( I 2000g) and resuspended in 1 ml flocculation buffer. The micro-centrifuge tubes were held up to the light, compared with appropriate controls and graded on a scale from 0 (non-flocculent) through 0.5 (marginally flocculent), I (weakly flocculent) to 4 (large flocs, rapid and complete clearing of the flocculation buffer above the sedimented cells). Quantitatively, the flocculence characteristic is a continuum but grading a flocculent cell suspension on the above scale did not affect the conclusions reached.
High temperature treatment. For treatment in the presence of Ca'+ ions, EDTA/H,O-washed cells were resuspended in flocculation buffer. When treating in the absence of Ca'+, cells could be resuspended in 50 mMsodium acetate, pH 4.5; or 50 mM-sodium phosphate, 50 mM-EDTA, pH 7.5; or water, with no detectable difference to the result obtained. The 1 ml samples were immersed in a 70 "C water-bath and at the required times spun for 1 min in a micro-centrifuge. After removal of the supernatant, the cells were resuspended in flocculation buffer and their flocculence was compared with controls kept in corresponding buffers at room temperature. Treatment with proteinases. EDTA/H?O-washed cells were resuspended in 1 ml enzyme solution and incubated at 30 "C. At required times, samples were taken, centrifuged for 1 min in a micro-centrifuge, and the pellet of cells resuspended in flocculation buffer for floc grading. Proteinase treatments were performed in 50 mmsodium phosphate, 50 mM-EDTA, pH 7.5, at the following concentrations: proteinase K, 200 pg ml-l; pronase, 200 pg ml-' ; chymotrypsin, 100 pg ml-I ; trypsin, 100 pg ml-l.
Generic methods. Cell mating to produce crosses, sporulation to produce asci and ascus dissection for tetrad analysis were generally done according to procedures described by Sherman et al. (1983) .
The data shown in Table 3 were obtained as follows. Colonies, grown from spores seeded into agar blocks by micromanipulation of asci digested with Helicase, were subcultured onto YPD plates and after 2 d at 30 "C the resulting growth was used to inoculate 5 ml2% (w/v) glucose defined medium. The tube cultures were incubated at 20 "C for 7 d and then the tubes were centrifuged and the cells resuspended in flocculation buffer for flocculence scoring. Incubation at 70 "C (in the presence of Ca2+ ions) and treatment with chymotrypsin were done by the procedures given above.
RESULTS AND DISCUSSION
To isolate genomic DNA from the flocculent strains ABXL-ID ( F L O I ) and ABXR-11A ( FL0.5) it was necessary to produce spheroplasts from exponential-phase cells by incubation with wall-digesting enzymes such as Helicase, P-glucuronidase of Novozyme 234 (Cryer et al., 1975) . However, both ABXL-1D ( F L O I ) and ABXR-11A (FLO5) were substantially more resistant to digestion by such enzyme preparations compared with non-flocculent strains of S . cereuisiae, even after floc dispersal by washing with 50 mM-EDTA. This resistance to digestion could have been due to a FLO-gene-determined protein which prevented wall-digesting enzymes gaining access to wall-polysaccharide sites. Cells of the flocculent strains ABXL-1 D ( F L O I ) and ABXR-11 A (FLO5) were subjected to high temperatures, 2-mercaptoethanol and proteinases. An increased susceptibility to wall-digesting enzymes was observed when the ability of cells to flocculate was destroyed. The best procedure was 2-mercaptoethanol treatment followed by pronase digestion. Two of the treatments eliminated the flocculence of one strain but left that of the other unaffected. These results are presented below in detail and their significance for understanding the mechanism of FLO-gene expression is discussed. Fig. 1 shows the effect of incubation at 70 "C on the floc-forming ability of strains ABXL-1 D ( F L O I ) and . When incubated at 70°C in the presence of Ca2+ ions, the cells of both strains were initially in flocs. In the absence of Ca2+, cells were dispersed during the incubation. In the presence of Ca2+, the flocculence of ABXL-1D ( F L O I ) was apparently completely stable, whereas the floc-forming ability of ABXR-1 1 A (FLO.5) was rapidly lost despite the latter's stronger initial flocculence. Removal of Ca2+ ions by washing with EDTA buffer rendered the floc-forming ability of the FLOI strain susceptible to heat inactivation, and led to even more rapid loss of floc-forming ability by the FLO5 strain during incubation at 70 "C. Incubation of several non-flocculent strains of S . cerevisiae at 70°C did not produce any artefactual flocculence.
Eflects of high temperature

Treatment with proteolytic enzymes
Both pronase and proteinase K cleave polypeptides at a broad range of amino acyl linkages. Incubation of EDTA-dispersed cells with either enzyme had the same effect on both ABXL-1D (FLOI) and ABXR-11A (FL0.5) cells: a rapid loss of floc-forming ability (Fig. 2) .
Incubation of dispersed cells of strain ABXL-ID ( F L O I ) with chymotrypsin resulted in the rapid loss of floc-forming ability (Fig. 2) as was found by Nishihara et al. (1982) with the FLOI strain IF02018. However, the flocculence of strain ABXR-11A (FL0.5) was remarkably resistant to the action of chrymotrypsin (Fig. 2) . Since the flocculence of ABXR-1 1A (FLO.5) was rapidly destroyed by pronase or proteinase K digestion, its resistance to chymotrypsin is unlikely to have been due to the inaccessibility of a wall protein mediating the flocculent and ABXR-I 1A (FLO5) (0). The procedure is described in Methods.
phenotype conferred by the FLO5 gene. Rather, the marked difference in chymotrypsin sensitivity of the flocculating ability of ABXL-ID ( F L O I ) and ABXR-11A (FLO.5) most probably reflected the specificity of chymotrypsin. Specifically, a wall protein essential to flocculence conferred by the FLOI gene must have an accessible region containing an amino acyl linkage recognized by chymotrypsin whereas there is no such region in a protein essential for flocculence determined by the FL0.5 gene. Incubation of various non-flocculent strains with chymotrypsin did not lead to any artefactual flocculence. The floc-forming ability of cells of both ABXL-1D ( F L O I ) and ABXR-11A ( F L O 5 ) was lost during incubation with trypsin (Fig. 3) . The rate of destruction of the flocculence of the FLO.5 strain was distinctly less than that observed for the FLOl strain. For the FLOl strain, the time course of loss of floc-forming ability with trypsin was indistinguishable from that obtained with chymotrypsin digestion (Fig. 2) . The differential susceptibility of the FLOI-and FLO.5determined flocculating abilities to trypsin was not as marked as that found with chymotrypsin, but was observed regardless of the growth medium employed to prepare the flocculent cells (lo%, w/v, malt extract, or YPD, or 5%, w/v, glucose-based defined medium, or 0.1%, w/v, glucose-based defined medium) or the point in the culture cycle at which the cells were harvested (mid to late exponential, early or late stationary). J . A. HODGSON 
Effkcts of' other treatments
Suspension of EDTA-dispersed cells in 0.25 % (w/v) 2-mercaptoethanol, 50 mM-sodium phosphate, pH 7, followed by incubation for 15 min at 30 "C resulted in the irreversible loss of the floc-forming ability of both ABXL-1D (FLOZ) and ABXR-11A (FLO.5) cells.
Inclusion of 0.5 M-D( +)-mannose in the flocculation buffer, as described by Miki et al. (1980) resulted in reversible dispersal of both ABXL-1D and ABXR-1 1A flocs, whereas inclusion of 0.5 M-D( +)-glucose had no such effect.
The results of the treatments with non-specific proteases, 2-mercaptoethanol and D-mannose indicate that the flocculent phenotypes conferred by the FLOZ and FLO.5 genes have some features in common regarding the mechanism of cross-linking between cells, including an involvement of cell wall protein and possibly carbohydrate (Miki et al., 1982) recognition. However, the results of chymotrypsin digestion and high-temperature treatment showed that the flocculent phenotypes conferred by FLOZ and FLO5 can also be distinguished.
Characterization of' other flocculent strains The above results indicated a means of describing the flocculent phenotype of a strain other than by simple grading of flocculence. Fig. 4 and Table 2 show the flocculence properties of a number of other industrial and laboratory strains of S . cerevisiae when characterized according to the criteria described above. A spectrum of heat stabilities ranging from very heat labile (AB11 and ABY) to completely heat stable (ABXL-ID, 93, L1209) was observed (Fig. 4) . Genetic analysis indicates that the FLO-gene in strain 93 is allelic to FLOZ (P. de Zoysa, personal communication). Strain L1209 also carries the FLOZ gene (Table 1) . Table 2 summarizes the data of Fig. 4 and shows the effects of incubation with various proteases on flocculation of these strains. The flocculence of all strains was destroyed rapidly by the action of pronase and more slowly by trypsin digestion. The strains did not fall simply into the two classes of phenotype defined by ABXR-11A (FLO.5) and ABXL-1D (FLOI), i.e. chymotrypsinresistant/heat-sensitive and chymotrypsin-sensitive/heat-resistant respectively, and all four combinations were observed. Strain 93 had the same chymotrypsin/heat phenotype as the ABXL-ID (FLOZ) strain and NCYC 1136 had that of ABXR-1lA (FL0.5).
Genetic analysis
With chymotrypsin digestion and incubation at 70 "C, complete resistance or sensitivity was observed with all the strains tested ; such clearly contrasting phenotypes aid classification in genetic studies. The chymotrypsin/heat phenotype of a strain may not have been FLO-gene determined but may have been due to the expression of other genes, responsible for components of the cell wall interacting with the FLO gene product. To address this question ABXL-1D (a FLOZ) was crossed with ABXR-1 1A (a FLO.5) since these strains had reciprocal chymotrypsin/ heat phenotypes: the flocculent phenotypes of ABXL-1D and ABXR-11A are cStR and cRtS respectively ( Table 3) . Sixteen tetrads from two diploids of the cross were analysed for flocculence and the effects of chymotrypsin digestion and incubation at 70°C (Table 3 ). The FLO Z/FL05 diploids were marginally flocculent and therefore were not treated with chymotrypsin or heat. The reason for the apparent recessive behaviour of the FLOZ and FL0.5 genes in these diploids is not clear.
Segregation of flocculence approximated to parental ditype : non-parental ditype : tetratype = 1 : 1 : 4, confirming the independent assortment of FLOI and FL0.5. The cStR and cR tS phenotypes also segregated clearly and in all three 4:O tetrads, a 2:2 segregation of the cRtS (FL0.5 type) and the cStR (FLOZ type) was observed. The flocculent segregants in the 2:2 (flocculent: non-flocculent) tetrads most probably have a FLOZ FL0.5 genotype and gave a cR tR phenotype. Flocculent segregants from tetrads giving 3 : 1 segregation of flocculence had three different chymotrypsin/heat phenotypes: cR tS (FLO.5 type), cs tR (FLOZ type) and cR tR (presumptive FLOZFLO.5 type). Of the 16 tetrads, 14 segregated 2:2 for MATa: MATa, confirming the likelihood of diploidy. The remaining two tetrads segregated 3: 1, probably due to gene conversion since both tetrads gave results with chymotrypsin and heat indicating 2 : 2 segregations for both the FLOZ and FL0.5 genes. The results of tetrad analysis indicated that when a haploid segregant carries a FLOZ and a FLO5 gene, both the cR phenotype of FLO5 and the tR phenotype of FLOl are observed. Sequential application of chymotrypsin digestion and 70 "C incubation, in either order, eliminated the flocculence of cR tR segregants. These results suggest that simultaneous expression of FLOl and FLO5 genes is possible in the same haploid cell. Thus although chymotrypsin digestion eliminates a component of the cell wall conferred by FLOI, a protein conferred by FL0.5 remains unaffected and enables the cells to form flocs. Similarly, hightemperature treatment denatures only the FLO5-determined protein associated with the cell wall, while the FLOI-determined proteins remains native. An implication of the segregation of the cStR and cRtS phenotypes is that in each of the strains ABXL-1D and ABXR-11A these phenotypes are conferred by one gene, which is almost certainly their respective FLO-gene.
Previous results of tetrad analysis of FLOl x FLO5 crosses have provided evidence that FLOI and FLO5 are distinct genes (Johnston & Reader, 1983) . The results here show that the FLOI and FL0.5 genes can be distinguished by means other than a quantitative scoring of the flocculence they confer and their chromosomal locations. It appears that the expression of the FLOI and FLO5 alleles results in the production of different and characteristic cell wall located proteins which are responsible or at least required for their flocculent phenotypes. The cell wall located proteins coded for by the FLOl and FLO5 alleles in ABXL-ID and ABXR-1 1A differ in their stability to thermal denaturation and the presence of a region of polypeptide susceptible to cleavage by chymotrypsin. Our results exclude models for the mechanism of flocculence which propose that the modification to the cell wall of flocculent cells is the same whether the FLOZ or the FLO5 gene confers the flocculence. Proteins mediating flocculence determined by different alleles at the same FLO locus could have different phenotypes with respect to chymotrypsin and high temperature, for example the FLOI allele in L1209 is cR. This could be due to a difference in gene sequence, or the interaction of other genes. These new descriptions of phenotypes conferred by genes FLOZ and FLO5 may significantly assist genetic studies of flocculence, by enabling particular FLO-genes carried by segregants of crosses to be identified. It may also be possible to assess the effects of different genetic backgrounds on FLO gene expression and interactions between different FLO-genes.
